The aim of this study was to measure maximum isometric force under two different conditions: active and passive conditions. The electromyograms (EMGs) were also measured. The elbow exors of healthy subjects were studied. Six healthy subjects took part in this study. The isometric maximum force and the EMGs of the elbow exors were measured under two contrasting conditions. The rst was a standard isometric measurement in which a subject actively pulled a xed wire using their elbow exor at 100% effort (active). In the second case, the subject tried to keep their elbow at 90 degrees of exion for as long as possible against external forces produced by an electric motor (passive). The highest force values were extracted during the isometric phase when the elbow angles were kept constant. Hence, the elbow angles were also monitored by an electric goniometer in the later measurement. The passive condition resulted in higher forces than the active condition in 4 of 6 subjects. For a subject who showed different maximum forces under the two conditions, the mean (standard deviation) measured maximum forces under active and passive conditions were 285.2 (11.0) N and 300.2 (14.1) N, respectively (p < 0.01). For the EMG, there were no signi cant differences between the two conditions. In conclusion, the passive condition used in this study enhanced isometric maximum forces compared to that obtained under standard isometric conditions.
Introduction
It is well known that the maximum voluntary torque produced by skeletal muscles is lower during concentric contractions and higher during eccentric contractions compared with during isometric contractions [1] [2] [3] . As is commonly observed, this phenomenon of force-velocity related changes in human skeletal muscle strength depends partly on the inertia of the object lifted, but mainly on myoelectrical activity [4] . From a mechanical point of view, no inertial force exists without acceleration of an object. We thus can attribute the phenomenon only to the inherent properties of muscle because the force-velocity related changes do not include any acceleration. The steady state (velocity = 0) property is de ned by its isometric force-length relation. Although isometric force measurement is considered to be a true measure of the maximum muscular strength at a xed muscle length, the measures always depend on the joint angles. Implicit to the measurements is the idea that a joint angle, equated with a muscle length, has to be xed at the same value.
The maximum force produced by a muscle is related to the following factors [5] [6] [7] [8] : (1) the physiological cross-sectional area (PCSA) of the muscle; (2) neuromuscular performance; (3) ber type composition; (4) anatomical factors; (5) length of the muscle ber; and (6) mental factors. There are also synergistic relations between those factors in force production, whereas the velocity and the ber type do not appear to be complementary [8] . Although the relationships between the above factors and the maximum forces have already been well studied, there are still unknown factors. For example, despite numerous reports regarding strength increases from mental training [7, 9] , we are not sure whether there are other simple ways to get higher one-time limit using external stimuli without any muscle hypertrophy. This is the rst unknown regarding psychological factor. Another unknown is the role of a protein named titin . This giant elastic protein can rapidly adjust its length and produce a passive force [10] . However, the existence of this protein has been a subject of discussion for a long time.
Only a few studies reported the force derived from the protein at molecular level [11, 12] , whereas no study has reported the force in a human subject. This is the second unknown regarding physiological factor. It should be noted that the passive force derived from a region of titin is different from the passive element of a muscle that is often described in the biomechanical eld [1, 13, 14] . Another area of uncertainty is activation mechanisms. Full muscle activation occurs when a muscle tissue has been maximally excited for a certain time. It is obvious that higher activation can produce greater force from a muscle. Reduced activation level, however, is observed during maximal eccentric contraction with respect to maximum isometric contraction [4] . This phenomenon suggests that activation of a muscle depends on the type of muscular action, such as eccentric, concentric, or isometric. This is the third unknown regarding neuromuscular factor.
The above-mentioned questions or unclear aspects of these muscle mechanisms motivated us to analyze the maximum isometric force in detail. The loading conditions as well as strength training can be roughly divided into two types. One is a condition consisting of voluntary movements (active), and the other is to resist an external force or torque operated by an elicited ergometer with a torque motor or weights (passive). The former active condition is a well known method of isometric force measurement. In contrast, a few researchers have introduced passively operated training or measurements consisting of exion-extension movements elicited by a motor or a dynamometer, called isokinetic contraction or isotonic contraction [15, 16] . Although they were well-established maneuvers, they were not isometric contractions. In this study, we introduce two comparable isometric force measurements: active and passive. The passive condition is newly developed in this study. The purpose of this study was to examine whether condition-related muscle force and excitation changes occur under active and the passive conditions. The elbow exors of healthy subjects were studied.
Methods

Subjects
The subjects were 6 healthy males with a mean age of 20.0 years (range: 19-21 years). Although the subjects had different levels of athletic experience, ranging from swimmer or runner to sedentary individual, all were not at professional or all-Japan level, but at school amateur club level. All subjects were healthy and claimed to have no history of neuromuscular disorders at the time when they participated in this study. One of the 6 subjects was left-handed and used his left arm. The rest of the subjects were right-handed and used their right arms.
Experimental Setup and Procedures
Each subject sat on a chair with an upright backrest and rested their upper extremity on a table on which the experimental equipment was placed. The trunk was strapped, and the axilla was pushed to the edge of the table, so as to keep the trunk and upper arm positions stable during experiments. The shoulder was set at 90 degrees of abduction, the elbow was set at 90 degrees of exion, and the shoulder was externally rotated with supination to make the palm of the hand face medially. This posture means that the ipsilateral whole upper extremity was in a frontal plane and the forearm was upright. The subject s wrist and an ergometer arm were connected by a rigid wire with a load cell (LUR-A-1KNSA1, Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan) to measure pulling forces. An electric goniometer (SG110, DKH Co., Ltd., Tokyo, Japan) was attached on the lateral side of the elbow to measure elbow angles. The load cell and the goniometer outputs were sampled through a data logger at a frequency of 100 Hz, low-pass ltered at 15 Hz, and full wave recti ed. With both the forearm and the ergometer arm upright, the wire was set horizontally by adjusting the ergometer arm length, resulting in a pulling force acting in the direction of a tangent to the circles of both the forearm and ergometer arm rotation loci. In this manner, the subjects could have kept their elbow at 90 degrees of exion. Data of bipolar surface electromyogram (EMG; SMP-300, Mets Inc., Tokyo, Japan) of the elbow exors were also measured at a frequency of 10,000 Hz, high-pass ltered at 15 Hz, with a gain of 10,000 during experiments (Fig. 1) . The EMG signals were recti ed by obtaining the root mean square (RMS) values over each 100 points (10 ms). Two electrodes were applied to the skin over the belly of the biceps brachii, which is the dominant muscle of elbow The ergometer arm is xed by a wire for the active condition. For the passive condition, the wire is removed and the ergometer arm is driven in a clockwise direction by the electric motor connected via a gear reducer.
exors and oriented in a line parallel to the muscle action. The indifferent electrode was placed on the skin overlying the olecranon.
This study aimed to measure the maximum isometric forces of elbow exors under two different conditions. The rst was a standard isometric force measurement, in which the subjects voluntarily pulled the wire connected to the ergometer arm that was completely xed. In the active measurements, the subjects pulled the wire using 100% of their effort for about 3 seconds as instructed by an operator to the subjects by voice commands. The highest measured forces and the corresponding EMG values were extracted. The corresponding EMG values were obtained as the de nite integral of the RMS of the EMG (iEMG) between bands 0.3 seconds on either side of the time at which the highest force was recorded. The second measurements were performed to constrain the subject s elbow extended by the external force. An electric motor-driven, computer-controlled gear system (RE65, GP81, Maxon motor ag, Sachseln, Switzerland) connected to the ergometer arm was used. Starting with the elbow exed, the motor torque increased at a constant rate with increases in electric current (0.2 A/s). During this test, subjects were requested to sustain their elbow at 90 degrees of exion as long as possible. This passive measurement lasted until the elbow yielded to the external torque and extended beyond 90 degrees of exion. The highest force and the corresponding EMG values were extracted during the isometric period when the elbow was kept constant. The end time of the isometric period was de ned as when the differential coef cients of the elbow angles maintained the same signs (either positive or negative). The two measurements in sequential order ( rst active then passive), which represent one set, were performed in ten iterations in all subjects. In total, each subject performed 20 measurements (10 sets). In this manner, we were able to minimize the effect of muscle fatigue in either condition. This investigational method was approved by the ethical committee at University of Hyogo. This study was conducted in accordance with the ethical principles of the Helsinki Declaration, and the experimental procedures and possible risks were explained by written papers to each subject prior to the tests.
Statistical Data Analysis
The differences in force between two conditions for each subject were normalized by calculating the percentage change, which is the percentage of an increased value within a set to the maximum value for the active condition in the same set. Percentage changes were calculated for each subject and for each loading condition. Using t-tests, intra-subject differences in force and EMG value between the active and passive conditions were compared. The signi cance level was set at p < 0.05. Then, Pearson correlation coef cient between force and EMG value was calculated.
Results
The representative force and EMG recordings of a single trial under active condition, and the force and elbow angle recordings of a single trial under passive condition are shown in Fig. 2 . The purple vertical line indicates the end of the isometric period of this measurement. After the end of the isometric period, the differential coefcient did not return to zero or become positive and there was a marked increase in force. This is, however, irrelevant here, since that increase is an eccentric contraction. Figure 3 presents a series of bar charts showing the maximum forces and iEMG values for ten sets of measurements for all subjects.
The mean force under passive condition increased compared to that under active condition in 5 of 6 subjects, and 4 of the 5 subjects showed signi cant increases (p < 0.05) ( Table 1) . For the iEMG, there were no differences between the two conditions. The percentage changes in iEMG were also calculated. The mean (stan- 
dard deviation: SD) percentage changes in both force and iEMG are shown in Table 1 and Fig. 4 . Note that large deviations of EMG were observed in all subjects. Hence, the mean percentage increase in force was signi cantly positive (p < 0.01) in 4 subjects, while the mean percentage increase in iEMG was not signi cantly positive in all subjects. All the calculated percentage changes are plotted in Fig. 4 to observe the relation between force and EMG. Although some of the subjects showed a positive correlation between force and iEMG (range; −0.69 to +0.83), no strong correlation (less than one) was found between the percentage increase in force and that in iEMG for all measurements (Fig. 4) .
Discussion
The results from this study demonstrated that the passive condition led to a signi cant increase in maximum isometric force in some subjects, but no signi cant increase in iEMG. In other words, a stronger force can be sustained when enduring external forces rather than exerting maximum voluntary force against a xed object. Although mean iEMG in passive condition was higher than that in active condition in 4 subjects, the differences were not signi cant (p > 0.05). Hence, what causes this difference without changing the muscle activation level remains unanswered. Muscle fatigue may affect the results of this study. However, the effect was minimized by sequential measurements under the two conditions. It would also be safe to say that fatigue is not a cause of the increased force in passive condition, since we measured active condition rst then passive condition sequentially. One possibility is the existence of the giant protein titin , which provides most of the passive force in muscle bers. Under passive conditions, sarcomere stretch creates an opposing force, which is largely derived from the extensible region of titin [10, 17] . The increase in titin stiffness could increase the passive force considerably [11] . However, direct evidence of Ca 2+ -induced activation of titin is still lacking. We cannot, therefore, conclude that the increased force under passive condition was caused by the protein titin, but the ndings from this study are consistent with the role of titin reported previously. Another possibility is a psychological effect. Under active condition, the subjects tried to pull the wire with 100% of their effort. Even during 100% exertion, force enhancement could be achieved by effective stimuli such as an impulsive shot sound or active shout [17] . It is well known that a physiologically capable maximum force is much higher than a self-limited force based on voluntary 100% effort. The external stimuli could push up this self-limit. Consequently, one possibility is that our passive condition, in which external torque was applied continuously, may have affected the self-limit and Fig. 3 Bar charts represent the maximum forces from ten sets of trials under both active (blue) and passive (red) conditions in six subjects. The corresponding EMG values (triangles and squares) are also plotted. Two measurements under passive conditions (10th in subject B and 5th in subject E) are missing due to technical errors.
effectively pushed up the limit, since the subjects could not have enough room for cognition of their self-limit under the passive condition. In order to prove the relationship between the results from this study and the mental effect, other psychological protocols such as imaginary practices or self-reports would be required. We acknowledge that this study did not include such psychological examinations. What has to be noted is that physiological factors and psychological factors should be considered separately. When a muscle that is passively stretched by an external force or torque and fully activated is held at a certain length, the steady-state isometric force is higher than the steady-state isometric force resulting from purely isometric contraction at the same muscle length. This phenomenon, referred to as residual force enhancement , has received a great deal of interest in the past 50 years [18, 19] . An important point to note is that although studies of residual force enhancement and the present study both showed force increases under isometric conditions, the experimental processes were quite different between the two. In previous studies of residual force enhancement, an external force compulsorily elongating the muscle was applied. As a result, the muscle produced higher forces. Such external force was not used to enhance the maximum force in the present study. The mechanism of the residual force enhancement, we believe, involves increased stiffness in titin molecules, rather than the formation of cross-bridges or unstable sarcomeres, as is often proposed elsewhere. The mechanisms are, however, still a matter of debate [20] . Note that this study is different from the residual force enhancement reported previously.
There are potential limitations in this study, particularly related to the passive condition. An issue is the denition of the isometric period in the passive measurement. During isometric measurements, the joint angles have to be constant. That means differential coef cients of the angles have to be zero during the period. Although differential coef cients of the joint angles were used, due to noises, they were not zero, but formed a band around zero. Hence, the de nition of the isometric period was not perfect. Regarding the standard force-velocity contraction curve, the gradients of the curve were the largest at isometric contraction (at velocity = 0) [13, 14, 21] . This means that the joint has to be prohibited from moving during the isometric maximum force measurements. Another issue is the number of subjects. Increases in maximum force were observed in 5 of 6 subjects, and 4 of the 5 subjects showed signi cant increases (p < 0.05). Thus, it would be an overstatement to say 66% of subjects showed signi cant increases . It would be ideal to test a large number of subjects with varied background including sex, age, and sports or trauma histories.
Maximum force enhancement is of great concern to athletes and coaches as well as researchers. This study shows that we potentially have higher isometric muscle force than the force we measure traditionally. Taking this into account, isometric measurement of the back extensors will be discussed as an example. When a subject actively contracts the back muscles with 100% effort , it is possible to endure more force added externally by a mechanical machine or by a trainer. Thus, a heavier load can be applied in isometric training. In view of this possibility, we are able to conceive another type of training in which the applied forces are controlled. This force-controlled contraction differs from an isokinetic contraction in which the contraction speed is controlled. Although they are super cially similar, this contraction also differs from an isotonic contraction in which the force remains constant. The force-controlled contraction would be able to bring out the muscle s full potential of isometric strength.
Conclusion
We introduced two comparable isometric loading methods. One was standard isometric force measurement in which a subject voluntarily pulled a xed object. The other method was the passive condition. In this newly developed method, a subject was requested to sustain the elbow at 90 degrees of exion for as long as possible against external torque applied to the elbow. The maximum isometric forces and the corresponding EMGs under both conditions were measured. The results indicated force enhancement in 4 of 6 subjects under passive condition, while EMG increases were not signi cant. In other words, the maximum isometric force would depend on the type of loading condition. However, we have not yet elucidated the cause of force increase in this study.
